In this paper, we develop a new distributed adaptive power control framework for multi-cell OFDM systems based on the game theory. A specific utility function is defined considering the users' achieved average utility per power, i.e., power unit based utility. We solve the subcarrier allocation issue naturally as well as the power control. Each user tries to maximize its utility by adjusting the transmit power on each subcarrier. A Nash equilibrium for the game is shown to exist and the numerical results show that our proposal outperforms the pure water-filling algorithm in terms of efficiency and fairness. key words: multi-cell OFDM, power control, noncooperative game, power unit based utility
Introduction
With the development of the micro-cellular systems, the interference caused by reusing the same frequency in different cells can not be ignored anymore. On the other hand, in some systems where the cellular is not well organized, such as wireless LAN and ad hoc, the interference may degrade the system performance greatly. There are much literature investigating the resource allocation in single cell orthogonal frequency division multiplexing (OFDM) systems. However, not many papers study resource allocation in multi-cell OFDM systems. There is no co-channel interference in one OFDM cell because of the orthogonality of the subcarriers, while in multi-cell OFDM systems the subcarriers will be reused by users in different cells, which may cause interference to each other. Therefore, the resource allocation problem becomes more complicated since each user's decision interacts each other.
If the interference is fixed or ignored, the water-filling algorithm provides a good solution. When the subcarrier assignment is fixed, many efficient water-filling methods have been proposed to maximize the data rate under the power constraints [1] , [2] . However, the water filling algorithm is not suitable for the multi-cell OFDM system because the interference level is variable. Hence, the conventional method can not solve the problem of the co-channel users' interaction efficiently.
On the other hand, the mobile users in general do not have the knowledge of other users' states and therefore can not cooperate each other in multi-cell systems. As a result, they can only act selfishly to maximize their own performance in a distributed way. Such fact motivates us to introduce the game theory. In [3] , the authors proposed a noncooperative game theory approach to minimize the overall transmit power under each user's power limitation and minimal rate constraints. However, in that model, the solution may not be feasible when the co-channel interference is so large that no power allocation can satisfy all the users' rate requirements.
In this paper, we propose a new framework for resource allocation in multi-cell OFDM systems. The approach proposed here relies on the power unit based utility in developing distributed subcarrier and power allocation algorithms, which is formulated as a non-cooperative game that attempts to adjust the power level of each user to maximize the user's utility on all the subcarriers. After all users allocate the power on each subcarrier, then they allocate the bit according to the assigned power.
System Model
We consider a multi-cell OFDM system where L subcarriers in each cell are reused among multiple cells. Since the same frequency bands are reused by multiple cells, users assigned with the same frequency interfere with each other. Assume the number of cells which reuse the same frequency is K and within a cell, users transmit with all the subcarriers and the multiple access scheme among them is either TDMA or FDMA.
The ith user's signal-to-interference ratio (SIR) at subcarrier l (l = 1, 2, · · · , L) can be expressed as [3] 
where p l i is the transmit power of the ith user at the lth subcarrier and h l ji denotes channel gain from the jth user to the base station of the ith user at the lth subcarrier. N 0 is the background noise for all the users and subcarriers. Given γ l i , when continuous rate adaptation is used, the achievable data rate per Hz of user i at the lth subcarrier can be expressed as [4] 
where β = −1.5/ ln(5BER) is called SIR gap, which indicates the gap of SIR that is needed to reach a certain capacity between practical implementations and informationtheoretical results. The total data rate of the ith user is then given by c
. Here, we use the power unit based utility to describe the degree of satisfaction according to current QoS provided by networks, which is related to the total utility that a user can achieve in the lifetime of its battery and can be expressed as
where p denote the power allocation vector of all users at all subcarriers and U i (c Σ i ) is the obtained satisfaction when the total data rate at all subcarriers of user i is c
The form of U i (·) should be properly selected in order to reflect the nature of satisfaction level. Since the multimedia service is widely used, we choose the utility function for multimedia service as an example. The form of utility function for multimedia applications is [5] 
In this function, µ i is called shift parameter representing the required average data rate of the application; σ i is called slope parameter, which is positive and determines whether the application has a hard QoS requirement or a soft QoS requirement; U imax is the maximum of achievable utility. Figure 1 shows the total utility of two subcarriers belonged to one user. In this figure, the level of interference is kept constant, and the user's power unit based utility is plotted versus the transmit power. The peak value can be achieved when the user reaches the equilibrium. Fig. 1 Power unit based utility function of a multimedia user for fixed interference.
Distributed Noncooperative Power Control
The power unit based utility level for the ith user is F i (p). We use an alternative notation
This notation emphasizes that the ith user has control over its own power, p i only. It is important to note that even though the problem is formulated as a power control problem, it covers the subcarrier allocation problem as well. When the assigned power on the subcarrier is zero, the subcarrier is not used and vice versa. Therefore, the subcarrier allocation problem can be solved naturally. Formally, the noncooperative power control game (NPG) is expressed as
In the NPG, each user optimizes its own power unit based utility depending on the transmit power of all the other users in the system. It is necessary to characterize a set of power where given the power levels of other users, no user can improve its utility level by making individual changes in its power. Such an operating point is called a Nash equilibrium. Now we analyze the equilibrium of the game. Mathematically, we can represent the necessary condition for equilibrium as
By mathematical manipulation, it reduces to the following equation
where U i (c
Equation (7) is the equilibrium equation of the game model (5) . The solution of the equation, represented by p * , is the Nash equilibrium of the noncooperative game. We can prove the existence of the equilibrium by using Debreu's theorem since the utility function is quasi-concave [7] . Now we investigate the property of the equilibrium.
Theorem 1: When the NPG achieves Nash equilibrium, the optimal power allocation, p l * i , satisfies The proof of the above theorem can be deduced from the equilibrium Eq. (7) easily. Ω i is a constant for user i. The theorem can be regarded as a kind of water-filling algorithm for one user's all subcarriers, where Ω i can be regarded as the water level. However, the water level Ω i differs for different users. Therefore, the game-based multi-level waterfilling in (8) can be regarded as an extension of the pure water-filling.
Numerical Results
To show the performance of the NPG, we set up a sevencell simulation scenario. Around a central cell, we consider six hexagonal cells with the distance of 2 km, which are far away from the central cell because the frequency is not reused in neighbor cells in practice. The base station is located at the center of each cell and one co-channel mobile per cell is generated as a uniform distribution within the corresponding cell for each simulation instance, such as Watts. In such a scenario, the NPG converges to the Nash equilibrium after 2-3 iterations. Figure 3 shows the path gain in all the subcarriers of each user, which is combined effect of path loss and frequency selective fading. Generally speaking, the users with small path gain have to use larger transmit power to achieve the target SIR.
Figures 4-6 compare the performance of the proposed NPG with the pure water-filling algorithm. The classic water-filling algorithm must have the total power constrains, but in the NPG, the power allocation is adaptive and we can control the total power in a reasonable range. Therefore, to ensure a fair comparison, the total transmit power limitation to each user is assumed to be 0.5 Watts, 1.0 Watts and 1.5 Watts respectively in the water-filling algorithm. Figure 4 shows that, although the proposed NPG has no power limitation, all the power in the Nash equilibrium is reasonable from the view of practice. From Fig. 4 and Fig. 5 , we observe that although the total data rate of water-filling is higher than our proposal when the path gain is large, it is at the cost of much higher power consume, such as users Fig. 2 The locations of terminals and base stations.
1-4. When the transmit power is almost the same, the NPG can achieve higher data rate than the water-filling, such as user7. On the other hand, it is important to note that in our NPG, the total data rates of all uses are almost the same while they are very different in the water-filling. That is to say, even though there are no data rate requirements, all of the users achieve almost the same data rate when the system is in equilibrium. Therefore, the proposal can guarantee the fairness among users automatically. It owes the characteristic of the proposed power unit based utility function. Figure 6 is the comparison of power unit based utility in the NPG and in the water-filling. It shows that the achieved utility gets larger as path gain increases. Therefore, we can conclude that the better channel condition, the less transmit power and the larger utility. We also observe that the power unit based utility of the NPG is much higher than that of the water-filling for all the users since the water-filling algorithm ignores the co-channel interference, which makes some subcarriers over-crowed.
Conclusions
In this paper, we have presented a noncooperative game for power control and subcarrier assignment in multi-cell OFDM systems. A specific utility function is defined considering the users' achieved average utility per power, i.e., power unit based utility. The problem is formulated as a distributed noncooperative power control game (NPG). All users choose appropriate strategy to maximize their own utilities in a distributed fashion. The NPG converges to the Nash equilibrium after 2-3 iterations. After all users allocate the power on each subcarrier,they then allocate the bit according to the assigned power. The simulation results show that the proposal achieves much better utility than the pure water-filling algorithm since the water-filling makes some subcarriers over-crowed. On the other hand, the characteristic of the proposed power unit based utility guarantees the fairness among users in equilibrium. Therefore, all the users achieve almost the same total data rate in equilibrium.
